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We have measured the complex dynamical conductivity, σ = σ1 + iσ2, of superconducting
Ba(Fe0.9Co0.1)2As2 (Tc = 22 K) at terahertz frequencies and temperatures 2 - 30 K. In the fre-
quency dependence of σ1 below Tc, we observe clear signatures of the superconducting energy gap
opening. The temperature dependence of σ1 demonstrates a pronounced coherence peak at frequen-
cies below 15 cm−1 (1.8 meV). The temperature dependence of the penetration depth, calculated
from σ2, shows power-law behavior at the lowest temperatures. Analysis of the conductivity data
with a two-gap model, gives the smaller isotropic s-wave gap of ∆A = 3 meV, while the larger gap
is highly anisotropic with possible nodes and its rms amplitude is ∆0 = 8 meV. Overall, our results
are consistent with a two-band superconductor with an s± gap symmetry.
PACS numbers: 74.25.Gz, 74.25.nd, 74.70.Xa
I. INTRODUCTION
The issue of the symmetry of the superconducting
order parameter in the iron-pnictide superconductors
remains unsettled. Shortly after the discovery of su-
perconductivity in these materials1 models, which pre-
dict the order parameter to change its sign on differ-
ent sheets of the Fermi surface (FS), have been put
forward.2,3 In the simplest case of the s±-wave symme-
try, the superconducting gap ∆ can be parameterized as
∆ = ∆0/2 · (coskx+cos ky). Because the FS of the pnic-
tides consists of two distinct set of sheets, centered at
the Γ (hole pocket) and M (electron pocket) points of
the Brillouin zone, there are no nodes in this gap.
Many experiments, including e.g. ARPES, are indeed
consistent with this picture.4–8 There is, however, a large
body of experimental works, which cannot be easily ex-
plained assuming the nodeless gap scenario.9–12 Possibly,
the gap function of the iron pnictides is not universal
– whether the gap is nodeless or not might depend on
the compound and on the doping level. In order to ac-
count for this non-universal behavior, models with rela-
tively large intraband Coulomb repulsion within the FS
pockets have been proposed, resulting in gap symmetries
varying between extended s-wave [cos(kx) cos(ky)], dxy
wave, and dx2−y2 wave, all allowing for nodes in the or-
der parameter.13–16
Currently, the so-called 122 iron-pnictide family
(doped AFe2As2, A = Ba, Sr, Ca) seems to be best
suited for experimental investigations due to the avail-
ability of relatively large single crystals as well as thin
epitaxial films of high quality.18–22 In this article we fo-
cus on Ba(Fe1−xCox)2As2. Thermal conductivity mea-
surements, performed at temperatures down to 50 mK,
indicate a nodeless in-plane gap in this compound.23,24
The gap is reported to remain nodeless at all doping lev-
els – from under- to overdoped, but the gap anisotropy
increases with doping. This is consistent with APRES re-
sults, which systematically show a full gap in all pnictide
compounds.5,6,25,26
Optical spectra of superconductors contain informa-
tion about the size and the symmetry of the supercon-
ducting gaps. Since the last two years, a large number of
reports on optical properties of pnictides has been pub-
lished (see Ref. 17 for a review). The low-frequency
(terahertz-far-infrared) optical properties of the electron-
doped 122 pnictides have recently been investigated by
a few groups for doping levels near optimal.27–33 There
is, however, neither consensus in these reports about the
gap sizes, nor about the number of gaps (although the
majority of reports agrees on a two-gap picture). Ob-
viously, the analysis of the optical spectra is challenged
by the fact, that the gaps are likely to be different on
different sheets of the FS.
Our method allows us to perform not only frequency-
dependent measurements, but also measurements of the
optical parameters as a function of temperature at fixed
frequencies. This gives advantages over standard optical
studies, since frequency and temperature dependences of
optical parameters can be analyzed simultaneously.
Here, we report on the observation of clear signatures
of the superconducting-gap opening in the terahertz op-
tical conductivity. Through the temperature-dependent
measurements and theoretical analysis, we show the gap
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FIG. 1: (Color online) Examples of as-measured spectra
of the transmission coefficient (upper frame) and the phase
shift of the transmitted wave (bottom frame) for a 20 nm
Ba(Fe0.9Co0.1)2As2 film on a (La,Sr)(Al,Ta)O3 substrate at
T = 5 K. The solid lines represent fit using a two-fluid model.
The phase shift spectra are divided by frequency for better
representation. Inset: resistance of the film around the su-
perconducting transition.
is highly anisotropic with possible nodes on at least one
sheet of the FS.
II. EXPERIMENT
Films of Ba(Fe0.9Co0.1)2As2 have been grown
by pulsed laser deposition on (001)-orientated
(La0.7Sr0.3)(Al0.65Ta0.35)O3 (LSAT) substrates, trans-
parent for terahertz radiation. The Ba(Fe0.9Co0.1)2As2
target was ablated with 248 nm KrF radiation under
UHV conditions.21 The phase purity was confirmed by x-
ray diffraction in Bragg-Brentano geometry. The c axes
of the films was normal to the film surface. The thickness
of the films, used for the measurements, was measured
by ellipsometry. Standard four-probe method has been
used to measure the dc resistivity. We have investigated
two Ba(Fe0.9Co0.1)2As2 films with thicknesses of 20
and 100 nm. The results of our investigations for both
films are qualitatively the same. However, the optical
transmissivity of the thinner film is obviously higher,
leading to a much better signal-to-noise ratio. That
is why in this paper we present results for the thinner
film only. The resistive onset of the superconducting
transition in the film appeared at 25 K (Fig. 1, inset).
The substrate was a plane-parallel plate, approximately
10× 10 mm in size with thickness of 1.025 mm.
In the frequency range 4 - 47 cm−1 (120 - 1400 GHz,
0.5 - 5.8 meV) the measurements have been performed
with a spectrometer, which uses backward-wave oscil-
lators (BWOs) as sources of coherent and frequency-
tunable radiation.34 A Mach-Zehnder interferometer ar-
rangement of the spectrometer allows to measure both
the intensity and the phase shift of the wave transmitted
through the Ba(Fe0.9Co0.1)2As2 film and the substrate
35.
Using the Fresnel optical formulas for the complex trans-
mission coefficient of the two-layer system, both com-
ponents of the complex conductivity (σ1 + iσ2) of the
film have been calculated. The optical parameters of
the substrate have been found by measuring a bare
substrate without film. This experimental method has
been previously applied to a large number of different
superconductors.36 In addition to the “standard” fre-
quency sweeps at fixed temperatures, we performed tem-
perature sweeps at fixed frequencies in the same way as
it has been done e.g. in Ref. 37. This allows for a more
thorough monitoring of the temperature dependence of
σ1 and σ2.
III. RESULTS
Figure 1 shows as-measured transmission Tr(ν) and
phase-shift ϕ(ν) spectra as a function of frequency, ν =
ω/2pi. The measurements are done with a number of
different BWOs covering the range from 4 to 47 cm−1
continuously. Since the major term of the phase shift
is proportional to the frequency of the probing radia-
tion, the phase-shift spectra are divided by frequency to
eliminate the constant frequency slope. The pronounced
fringes in both Tr(ν) and ϕ(ν) are due to the multiple
interference inside the substrate, which acts as a Fabry-
Perot interferometer. As the complete Fresnel formulas
for a two-layer system are used, these fringes are auto-
matically taken into account in the calculations of the
complex conductivity.
Figure 2 shows spectra of the real (upper frame) and
imaginary (bottom frame) part of the complex conductiv-
ity of Ba(Fe0.9Co0.1)2As2 at selected temperatures above
and below Tc.
The normal-state complex conductivity demonstrates
typical Drude behavior, σ(ω) = σdc/(1 − iωτ). From si-
multaneous fit of σ1(ω) and σ2(ω) at 30 K (dashed line in
Fig. 2), we find σdc = 6000 Ω
−1cm−1 and the scattering
rate γ = 1/2piτ = 200 cm−1 (τ = 2.7 × 10−14 s), the
former is in agreement with our dc measurements, and
the later coincides with the scattering rate, obtained via
γ = σ1(ω)ω/σ2(ω) from the complex conductivity spec-
tra (γ obtained in this way has, however, a larger error
bar due to the large scattering of data points in σ2). From
(ωp/2pi)
2 = 2σdcγ, we estimate the plasma frequency of
the Drude component in the normal state, ωp/2pi = 8500
cm−1 (1.05 eV).
When entering the superconducting state the energy
gap opens, as reflected in the lowering of σ1 below Tc
(upper frame of Fig. 2). For an isotropic s-wave super-
conductor at T = 0 a sharp frequency onset of σ1(ω) is
expected at 2∆(0). The absence of such a feature in our
frequency window implies that the energy gap ∆(0) (or
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FIG. 2: (Color online) Frequency dependence of the real, σ1,
(upper panel) and the imaginary, σ2, (bottom panel) parts of
the complex conductivity of Ba(Fe0.9Co0.1)2As2 for selected
temperatures above and below Tc. The solid line is a fit of
the 5 K σ2 data with σ2 ∝ 1/ω. The dashed line is a fit of the
30 K data with a Drude term. Note the logarithmic Y-scale
of the bottom panel.
one of the gaps for a multi-band superconductor) must
be larger than 47/2 = 23.5 cm−1 (2.9 meV). This result
is consistent with the majority of optical measurements
in Ba(Fe1−xCox)2As2 – the 2∆ feature is usually seen at
50 cm−1 or somewhat higher frequency.27,28,32,33
The appearance of a δ-function at ω = 0 in σ1(ω) below
Tc leads (via the Kramers-Kronig relation) to an 1/ω-
divergence in σ2(ω), clearly visible in the bottom frame
of Fig. 2 for T ≤ 20 K. The strength of this divergence
(the pre-factor) is a direct measure of the weight of the
superconducting condensate. From the σ2(ω) data, one
can directly extract the penetration depth via
λ = c/(4piσ2ω)
1/2. (1)
At 2 K, we find λ = 0.45 ± 0.02 µm, which gives for
the plasma frequency of the superconducting conden-
sate, ωps = c/λ, the value of 3600 cm
−1 (450 meV),
corresponding to the spectral weight of (ωps/2pi)
2 =
(1.3± 0.1)× 107 cm−2. These values are within the mar-
gins set by previous reports on terahertz measurements
of Ba(Fe1−xCox)2As2 films.
29,38
For low enough frequencies and temperatures, where
normal carriers are not affecting σ2, an analysis of the
temperature-dependent penetration depth is meaningful.
We have extracted λ as a function of temperature for
a number of frequencies (Fig. 3). For T < 0.2Tc, we
observe a clear power law behavior. As can be seen
from this figure, the power law has an exponent slightly
higher than 2, which is in agreements with microwave
measurements.39,40
IV. ANALYSIS AND DISCUSSION
Let us now turn to the analysis of the conductivity
data. As it can be seen from the upper panel of Fig.
2, at frequencies below 15 cm−1, the temperature de-
pendence of σ1 below Tc is non-monotonic. Upon en-
tering the superconducting state, σ1 first rises, and then
drops. In order to monitor this temperature dependence
in more detail, we performed temperature sweeps at fixed
frequencies (Fig. 4). At low frequencies, a prominent co-
herence peak appears in σ1. Multi-gap effects and gap
symmetry are known to have crucial influence on the co-
herence peak appearance.41,42
The analysis of the data is performed in the spirit of
Ref. 42. We use an s + d-wave gap43 as a model for
the extended s-wave, which is one part of the s± model.
We can do this because optics cannot resolve the phase
difference, thus for the optics the s± model just consist of
one isotropic s-wave gap (∆A, hole pocket) and a second
extended s-wave gap, which, in our case, is modeled using
an s + d-wave symmetric gap when referred to the M-
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FIG. 3: (Color online) Temperature variation of the penetra-
tion depth of Ba(Fe0.9Co0.1)2As2 as a function of T
2. The
solid lines are experimental data. The error bars are set by
the scatting of the data points. The dashed line is λ(ω = 0)
obtained with the two-gap model discussed in the text. The
arrow indicates the point where the theoretical line has been
normalized to the experimental value ((T/Tc)
2 = 0.03). The
mid-point of the transition (22 K) has been taken as Tc.
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FIG. 4: (Color online) Temperature dependence of the real
part of the complex conductivity in Ba(Fe0.9Co0.1)2As2. The
values are normalized to the respective normal-state conduc-
tivity at T = 26 K (σ0). Lines - experiment, dots - calcula-
tions with the two-gap model discussed in the text.
point. This model is also described in greater detail in
Ref. 44.
The gap on the electron pocket is parameterized as
∆B = ∆s+∆d
√
2 cos(2θ) (here ∆s is the s-wave compo-
nent, ∆d is the amplitude of the d-wave component, and
θ is the polar angle on the FS). An anisotropy parameter
α has been introduced in such a way that ∆s = α∆0,
∆d =
√
1− α2∆0, and ∆0 =
√
〈∆2B(θ)〉θ (〈...〉θ is the
FS average). In the clean limit, this gap has nodes, if
α ≤
√
2/3.
For convenience, one can introduce the parameter
X = α/(α+
√
1− α2) × 100%, which gives the percent-
age of the s-wave component in the s + d-wave admix-
ture. The temperature dependence of the superconduct-
ing gaps has been modeled by the standard mean-field
BCS temperature dependence with Tc = 22 K (the mid-
point of the transition). The complex conductivity is a
sum of two weighted components, corresponding to the
two FS pockets: σ(ω, T ) = w1σ
(1)(ω, T ) + w2σ
(2)(ω, T ),
and w1 + w2 = 1.
In our analysis we concentrated on the 10.6 cm−1 data
set following the procedure outlined by Schachinger and
Carbotte.42 The size of the two gaps, the s-wave contri-
bution (X) to the anisotropic gap, and the weights w1
and w2 were adjusted in order to reproduce the tempera-
ture dependence of the normalized conductivity σ1/σ0
as good as possible. We obtained the best fit with
∆A = 3 meV = 24 cm
−1, ∆0 = 8 meV = 64 cm
−1,
and X = 33.5%, corresponding to α = 0.45 and indicat-
ing the existence of nodes. The weights of the FS pockets
were found to be w1 = 20% for the hole and w2 = 80%
for the electron pocket, the normal-state elastic scatter-
ing rate being equal to 22 meV (180 cm−1).45
The model calculations for the other three frequencies
(14.6, 43, and 46 cm−1) are found to follow the experi-
mental data without any further adjustment of the pri-
mary parameters. The theory predicts, assuming an in-
stantaneous transition, that the 43 and 46 cm−1 data sets
should also show a coherence peak at T ≈ 21.5 K. This
temperature, however, is already well within the super-
conducting transition of the film and thus, such peaks
cannot be observed experimentally. What is left as a
very convincing result is the correct reproduction of the
coherence peak for 10.6 and 14.6 cm−1 and a very good
agreement with the data measured at 43 and 46 cm−1 for
T ≤ 20 K.
We calculated, moreover, using the model discussed
previously the low temperature variation of the penetra-
tion depth in the zero frequency limit.46 The result is
presented in Fig. 3 as the dashed line. At (T/Tc)
2 < 0.1,
the agreement between the model and the experimental
data is perfect.47
Another explanation for the low-temperature T 2
dependence of the penetration depth was given by
Vorontsov et al.48 These authors studied the super-
conducting s± symmetry state and concluded that the
strong interband interaction (scattering) is strongly pair-
breaking and that the superconductor is driven into a
gapless state. For this state the authors prove that the
penetration depth will be ∝ T 2 at low temperatures.
A similar result was reported by Gordon et al.49 who
studied a highly anisotropic single s-wave superconduc-
tor with a high concentration of pair-breaking impurities
which will also drive the superconductor into a gapless
state. They argued that because of the assumed high
anisotropy this model must not necessarily be in contra-
diction to the thermal conductivity results of Tanatar et
al.
23
Authors of recent optical measurements of
Ba(Fe1−xCox)2As2 argue for interpretation of the
conductivity data in terms of an s± state with strong
pair-breaking scattering.33,50 Nevertheless, it is neces-
sary to point out that Nicol and Carbotte51 studied the
optical properties of a classical s-wave superconductor
with magnetic impurities. They come to the conclusion
that in the gapless state (strong pair-braking) a coher-
ence peak becomes strongly suppressed which is in clear
contradiction to our results presented in Fig. 4. Likely,
as it has been proposed in Ref. 33, both effects, the large
gap anisotropy and the pair-braking scattering have to
be taken into account in order to describe the optical
conductivity in the pnictides. No detailed model for
such a calculation has been developed yet. The analysis
performed in Ref. 33, however, suggests that only a
minor part of σ1 in the superconducting state below the
gap can be due to the pair-breaking effects, while the
major contribution is due to the nodes or at least strong
gap anisotropy.
5Our observation of a superconducting gap with nodes
is, at a first glance, at odds with the results of Tanatar et
al.
23 However, the s+d-wavemodel used by us to describe
the anisotropic superconducting gap around theM -point
of the Brillouin zone provides a mechanism called “lifting
of the nodes”, first discussed by Mishra et al.52 and later
on studied explicitly in Ref. 44. The model allows a lift-
ing of the nodes in the superconducting gap given a high
enough s-wave contribution to the s+ d-wave admixture
and additional elastic scattering. This mechanism is also
temperature dependent and it is more likely to lift exist-
ing nodes the lower the temperature. Thus, it is possible
within this model that at very low temperatures, like the
ones used by Tanatar et al.,23 a small spectral gap can
develop in the real part of the optical conductivity. In-
creasing the temperature will smear out this small gap
and σ1 will show nodal behavior at higher temperatures.
Most recent thermal conductivity measurements give ev-
idence of a small gap (almost nodes) in regions of the FS
which contribute significantly to in-plane conduction.24
V. CONCLUSIONS
We found the superconducting energy gap in
Ba(Fe0.9Co0.1)2As2 to be highly anisotropic. This
anisotropy is responsible for the broad and pronounced
coherence peak observed in σ1 which is in clear contra-
diction to a gapless superconducting state. A two-gap
model – isotropic s-wave gap for the hole pocket and an
s + d-wave gap for the electron pocket of the FS (Ref.
42) – has been applied to mimic the s± gap symmetry.
The model provides a very good description of the σ1(T )
curves measured at different frequencies. In the frame-
work of this model, we have found the value of 3 meV
for the isotropic gap and an rms amplitude of 8 meV for
the second gap which is also found to be nodal. It was
possible using this model to reproduce consistently not
only the energy and temperature dependence of σ1 in the
terahertz region but also the low temperature variation
of the penetration depth.
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